We have investigated the organization and dynamics of the functionally important tryptophan residues of erythroid spectrin in native and denatured conditions utilizing the wavelength-selective fluorescence approach. We observed a red edge excitation shift (REES) of 4 nm for the tryptophans in the case of spectrin in its native state. This indicates that tryptophans in spectrin are localized in a microenvironment of restricted mobility, and that the regions surrounding the spectrin tryptophans offer considerable restriction to the reorientational motion of the water dipoles around the excited state tryptophans. Interestingly, spectrin exhibits a REES of 3 nm even when denatured in 8 M urea. This represents the first report of a denatured protein displaying REES. Observation of REES in the denatured state implies that some of the structural and dynamic features of this microenvironment around the spectrin tryptophans are retained even when the protein is denatured. Fluorescence quenching data of denatured spectrin support this conclusion. In addition, we have deduced the organization and dynamics of the hydrophobic binding site of the polarity-sensitive fluorescent probe PRODAN that binds erythroid spectrin with high affinity. When bound to spectrin, PRODAN exhibits a REES of 9 nm. Because PRODAN binds to a hydrophobic site in spectrin, such a result would directly imply that this region of spectrin offers considerable restriction to the reorientational motion of the solvent dipoles around the excited state fluorophore. The results of our study could provide vital insight into the role of tryptophans in the stability and folding of spectrin.
volve mutations in spectrin (Delaunay and Dhermy 1993; Wichterle et al. 1996; Gallagher et al. 1997) . A spectrinbased network has recently been implicated as a membrane protein-sorting machine (Beck and Nelson 1996) and in maintenance of Golgi structure and organization (De Matteis and Morrow 2000) . In addition, spectrin has been reported to be involved in the maintenance of dynamic (phase-state) asymmetry in erythrocyte membranes (Williamson et al. 1982) and to have a chaperone-like activity (Chakrabarti and Bhattacharya 1999; Chakrabarti et al. 2001) .
Spectrin is a large dimeric amphiphilic protein having hydrophobic stretches in its polypeptide sequence. It is an elongated heterodimer with two subunits (␣ and ␤ with mol wt of 240 and 220 kD). The two subunits are homologous with about 30% identity and are aligned in the highly elongated, worm-like heterodimer in an antiparallel side-to-side orientation to give a flexible 100-nm rod-shaped molecule with the amino and carboxy termini toward the ends of the rods. These heterodimers associate head-to-head to form 200-nm tetramers and higher order oligomers. The primary sequence of spectrin is comprised of a series of contiguous motifs called "spectrin repeats" (typically 106 amino acid repeating sequences) that are characteristic of all members of the spectrin family of proteins (Pascual et al. 1997) . Besides these features, spectrin exhibits additional structural motifs. These include an actin-binding domain, a pleckstrin homology (PH) domain, a Src homology 3 (SH3) domain, and a calmodulin-like domain. These structural features allow spectrin to take part in a number of physiological events through protein-protein interactions. The ability of spectrin to expand and contract has been attributed to its modular structure made of repeats (Grum et al. 1999) .
The spectrin dimer has a number of tryptophan residues. There are 42 tryptophans in each of the ␣ and ␤ subunits in the spectrin dimer (Sahr et al. 1990; Winkelmann et al. 1990 ). These tryptophans are distributed over the entire spectrin molecule. It is noteworthy that the typically 106 amino acid long repeat units in spectrin have tryptophans strongly conserved at the 45 th residue and partially conserved at the 11 th residue. Careful examination shows that there are 41 tryptophans in 23 repeat motifs in the ␣ subunit while there are 35 tryptophans in 17 repeat motifs in the ␤ subunit of the spectrin dimer. Taken together, the tryptophans in these positions (repeat motifs) represent more than 90% of the total tryptophans in the spectrin dimer. In addition, there are five tryptophans in the actin binding domain at the amino terminus and two tryptophans at the carboxy terminus in the ␤ subunit of the spectrin dimer.
Some of the conserved tryptophans have been shown to promote folding of spectrin domains ) and contribute to their thermodynamic stability (Subbarao and MacDonald 1994; Pantazatos and MacDonald 1997) . The fact that tryptophans are distributed over the entire molecule and yet are localized in the same position in each domain makes them convenient intrinsic fluorescence reporter groups for monitoring conformational changes in spectrin that contribute to its elastic deformability exhibited in physiological situations (Subbarao and MacDonald 1994) . We have recently utilized the intrinsic tryptophan fluorescence of spectrin to monitor interaction of spectrin with micellar detergents (Ray and Chakrabarti 2003) .
Many of these tryptophans are at or in the vicinity of hydrophobic patches in spectrin, which can bind hydrophobic ligands such as fatty acids and phospholipids and cause quenching of tryptophan fluorescence (Sikorski et al. 1987; Kahana et al. 1992) . The hydrophobic binding site in spectrin is crucial because this region is believed to facilitate interaction of spectrin with membranes. One of us has previously shown that the hydrophobic fluorescent probe 6-propionyl-2-dimethylaminonaphthalene (PRODAN; Weber and Farris 1979), which shows polarity-sensitive fluorescence, binds erythroid spectrin with a high affinity (Chakrabarti 1996) . In addition, we have recently shown that the widely used hydrophobic fluorescent probe pyrene also binds to spectrin with high affinity and estimated the apparent dielectric constant of the binding site to be ∼ 7 from analysis of the ratios of pyrene vibronic band intensities (Haque et al. 2000) .
In this article, we have investigated the organization and dynamics of the functionally important tryptophan residues of erythroid spectrin in native and denatured conditions and PRODAN bound to spectrin utilizing the wavelength-selective fluorescence approach. Wavelength-selective fluorescence comprises a set of approaches based on the red edge effect in fluorescence spectroscopy, which can be used to directly monitor the environment and dynamics around a fluorophore in a complex biological system (Mukherjee and Chattopadhyay 1995; Demchenko 2002; Chattopadhyay 2003; Raghuraman et al. 2003) . A shift in the wavelength of maximum fluorescence emission toward higher wavelengths, caused by a shift in the excitation wavelength toward the red edge of absorption band, is termed red edge excitation shift (REES). This effect is mostly observed with polar fluorophores in motionally restricted media such as very viscous solutions or condensed phases where the dipolar relaxation time for the solvent shell around a fluorophore is comparable to or longer than its fluorescence lifetime (Galley and Purkey 1970; Lakowicz and KeatingNakamoto 1984; Demchenko 1988b Demchenko , 2002 Mukherjee and Chattopadhyay 1995; Chattopadhyay 2002 Chattopadhyay , 2003 Raghuraman et al. 2003) . REES arises from slow rates of solvent relaxation (reorientation) around an excited state fluorophore, which is a function of the motional restriction imposed on the solvent molecules in the immediate vicinity of the fluorophore. Utilizing this approach, it becomes possible to probe the mobility parameters of the environment itself (which is represented by the relaxing solvent molecules) using the fluorophore merely as a reporter group. Further, since the ubiquitous solvent for biological systems is water, the information obtained in such cases will come from the otherwise "optically silent" water molecules. The unique feature about REES is that while all other fluorescence techniques (such as fluorescence quenching, energy transfer, and polarization measurements) yield information about the fluorophore (either intrinsic or extrinsic) itself, REES provides information about the relative rates of solvent (water in biological systems) relaxation dynamics, which is not possible to obtain by other techniques. This makes the use of REES in particular and the wavelength-selective fluorescence approach in general extremely useful, because hydration plays a crucial modulatory role in a large number of important cellular events (Haussinger 1996; Nishimura et al. 1997; Mentré 2001) including protein folding, lipidprotein interactions, and ion transport. An in-depth discussion of the photophysical framework for REES and wavelength-selective fluorescence approach is provided in recent reviews (Chattopadhyay 2003; Raghuraman et al. 2003) .
We have previously shown that REES and related techniques (wavelength-selective fluorescence approach) serve as a powerful tool to monitor organization and dynamics of probes and peptides bound to membranes (Chattopadhyay and Mukherjee 1993, 1999a,b; Chattopadhyay and Rukmini 1993; Ghosh et al. 1997; Chattopadhyay et al. 1997; Kelkar et al. 2003 ) and membrane-mimetic media such as micelles and reverse micelles Rawat and Chattopadhyay 1999; Chattopadhyay et al. 2002) . In addition, we have previously used the wavelength-selective fluorescence approach to analyze the organization and dynamics of tryptophans in the soluble hemolytic protein ␣-toxin (Raja et al. 1999 ) and the cytoskeletal protein tubulin, which is a component of the microtubular network in eukaryotes (Guha et al. 1996) . Figure 1A shows the fluorescence emission spectra of native spectrin and spectrin denatured with 8 M urea. As shown in the figure, tryptophans in native dimeric spectrin exhibit an emission maximum at 338 nm in agreement with previous literature (Subbarao and MacDonald 1994) . Figure  1a also shows the fluorescence emission spectrum of spectrin denatured with 8 M urea, which displays a red shift, and the emission maximum is shifted to 347 nm. This red shift can be attributed to increased exposure of spectrin tryptophans to water upon denaturation in 8 M urea. Tryptophan in water exhibits an emission maximum at 355 nm (Eftink 1991a) . The emission maximum of 347 nm for denatured spectrin therefore indicates that the tryptophans are not completely exposed to water even when denatured in 8 M urea but are shielded from the bulk water to a considerable extent (see later). To confirm the changes in secondary structure of spectrin upon denaturation with urea, we examined the far-UV CD spectra of native and denatured spectrin. The CD spectra of native and urea denatured spectrin are shown in Figure 1B . The backbone CD spectrum of native spectrin is characteristic of a protein with predominantly ␣-helical structure, as reported earlier (Majee et al. 1999) . When denatured in urea, the CD spectrum of spectrin exhibited considerable loss of helicity, indicating loss of secondary structure elements.
Results

Urea denaturation of spectrin monitored by fluorescence and circular dichroism
The urea denaturation curves for spectrin as monitored by fluorescence emission maximum and CD spectroscopy measurements are shown in Figure 2A . The denaturation profiles show that the denaturation process is complete at 8 M urea, and that there is good agreement between these two techniques. The overall shape of the denaturation curve suggests that urea-induced denaturation is predominantly a two state process, as indicated previously (Pantazatos and MacDonald 1997) . The denaturation curve monitored by fluorescence intensity ratio at 337 and 350 nm (F 337 /F 350 ), shown in Figure 2B , supports this conclusion. This, however, does not completely rule out the possibility that some regions of the multidomain protein spectrin may retain some structure even under these conditions.
Red edge excitation shift of spectrin tryptophans in native and denatured states
The shifts in the maxima of fluorescence emission of spectrin as a function of excitation wavelength are shown in Figure 3 . (We have used the term maximum of fluorescence emission in a somewhat wider sense here. In every case, we have monitored the wavelength corresponding to maximum fluorescence intensity, as well as the center of mass of the fluorescence emission. In most cases, both these methods yielded the same wavelength. In cases where minor discrepancies were found, the center of mass of emission has been reported as the fluorescence maximum.) Upon excitation at 280 nm, tryptophans in native dimeric spectrin exhibit an emission maximum at 338 nm as described above. As the excitation wavelength is changed from 280 nm to 307 nm, the emission maximum of native spectrin is shifted from 338 nm to 342 nm, which corresponds to a REES of 4 nm. It is possible that there could be further red shift when native spectrin is excited beyond 307 nm. We found it difficult to work in this wavelength range because of very low signal-to-noise ratio and artifacts due to the solvent Raman peak that some times remained even after background subtraction. Such a shift in the wavelength of emission maximum with change in excitation wavelength is characteristic of the red edge effect and indicates that the tryptophans in native dimeric spectrin are localized in a motionally restricted environment. Spectrin is a multitryptophan protein, and therefore, the red edge shift may be indicative of the average environment experienced by the tryptophans. Nevertheless, such a result would directly imply that the regions surrounding at least some of the spectrin tryptophans offer considerable restriction to the reorientational motion of the solvent (water) dipoles around the excited state tryptophans. This is significant, because some of the functionally important spectrin tryptophans are localized in the invariant region and are shielded from the bulk (characterized by fast solvent reorientational motion) solvent Pantazatos and MacDonald 1997 ; also see acrylamide quenching results later). Further, many of these tryptophans are at or in the vicinity of hydrophobic patches in spectrin, which can bind hydrophobic ligands (Sikorski et al. 1987; Kahana et al. 1992) . As mentioned earlier, the estimated apparent dielectric constant of the hydrophobic binding site is ∼ 7 (Haque et al. 2000) . The low dielectric characteristics coupled with the presence of restricted water molecules contribute in making some of these regions ideal environments for exhibiting REES and related effects (Mukherjee and Chattopadhyay 1995; Chattopadhyay 2002) .
The fluorescence emission spectrum of spectrin denatured with 8 M urea displays a red shift, and the emission maximum is shifted to 347 nm (see Fig. 1A ). Analysis of REES effect in spectrin denatured with 8 M urea provides interesting results. Figure 3 shows that as the excitation wavelength is changed from 280 nm to 307 nm, the emission maximum of the tryptophans in denatured spectrin is shifted from 347 nm to 350 nm, which corresponds to a REES of 3 nm. This is surprising, because tryptophans in denatured proteins generally do not exhibit REES effects due to fast solvent relaxation in the denatured state. This result therefore is in contrast to earlier studies where it has been shown that emission maximum for tryptophans in denatured proteins such as tubulin do not exhibit excitation wavelength dependence (Guha et al. 1996) . To the best of our knowledge, this is the first report of a denatured protein exhibiting REES. This result, along with the emission maximum of 347 nm for the denatured protein, indicates that the tryptophan microenvironment in spectrin is characterized by unique structural and dynamic features that are maintained to a considerable extent even when denatured with 8 M urea. Further, this could suggest that solvent (water) molecules may have a possible structural role in the overall stability of spectrin as has been shown earlier for other proteins (Fischer et al. 1994; Kandori et al. 1995; Sankararamakrishnan and Sansom 1995; Nishimura et al. 1997 ). These results are further supported by analysis of quenching of spectrin tryptophan fluorescence by the water soluble quencher acrylamide (see later).
Because the bulk physical properties (such as viscosity) of the solution change in the presence of 8 M urea, we monitored REES of the model tryptophan derivative N-acetyl-L-tryptophanamide (NATA) in 8 M urea as a control experiment. Figure 3 shows that NATA in 8 M urea does not exhibit REES, and its emission maximum remains invariant at 352 nm irrespective of the excitation wavelength when the excitation wavelength was varied from 280-307 nm. Another concern arises due to the possibility of any artifacts induced by aggregation of spectrin in the denatured state. To address this issue, we performed the REES experiments with denatured spectrin after centrifugation at high speed. In most cases, we obtained a small pellet but the supernatant gave identical REES results in all cases. This rules out any possible complication due to aggregation.
Tryptophan polarization changes with excitation and emission wavelengths
In addition to the shift in emission maximum on red edge excitation, fluorescence polarization is also known to be dependent on excitation wavelength in motionally restricted media (Mukherjee and Chattopadhyay 1995, and references therein) . Due to strong dipolar interactions with the surrounding solvent molecules, there is a decreased rotational rate of the fluorophore in the solvent relaxed state. On red edge excitation, a selective excitation of this subclass of fluorophore occurs. Because of strong interactions with the polar solvent molecules in the excited state, one may expect these "solvent relaxed" fluorophores to rotate more slowly, thereby increasing the polarization.
The excitation polarization spectra (i.e., a plot of steadystate polarization versus excitation wavelength) of native spectrin and spectrin denatured with 8 M urea are shown in Figure 4 . The polarization of spectrin tryptophans undergoes considerable change upon altering the excitation wavelength, with a sharp increase toward the red edge of the absorption band and a characteristic dip at 290 nm. Such an increase in polarization upon red edge excitation for peptides and proteins containing tryptophans (Weber 1960; Guha et al. 1996) as well as other aromatic fluorophores (Valeur and Weber 1978; Chattopadhyay and Mukherjee 1993) , especially in media of reduced mobility has been previously reported. Interestingly, Figure 4 also shows that the polarization of denatured spectrin shows an excitation wavelength dependence although to a lesser extent. This reinforces our earlier conclusion that the spectrin tryptophans are in a motionally restricted region (due to the presence of slow reorienting solvent shell) not only in its native state but also when denatured in 8 M urea.
It is known that tryptophan has two overlapping S o → S 1 electronic transitions ( 1 L a and 1 L b ) which are almost perpendicular to each other (Song and Kurtin 1969; Yamamoto and Tanaka 1972; Eftink 1991a; Albinsson and Norden 1992 L b is the lowest S 1 state, equilibration between these two states is believed to be very fast (of the order of 10 −12 sec), so that only emission from the lower S 1 state is observed (Ruggiero et al. 1990 ). In a motionally restricted polar environment, absorption at the red edge photoselects the lowest energy S 1 ( 1 L a in this case), and thus the polarization is high because only depolarization due to small angular differences between the absorption and emission transition moments and Figure 4 shows such a characteristic dip around 290 nm in the excitation polarization spectrum of spectrin in both cases. Thus, the sharp increase in polarization toward the red edge of the absorption band is probably because the extent of depolarization in spectrin is reduced at the red edge not only due to decreased rotational rate of the fluorophore in the solvent relaxed state, but also due to photoselection of the predominantly 1 L a transition, which in turn, reduces the contribution to depolarization because of 1 L b → 1 L a equilibration. For fluorophores incorporated in motionally restricted media, fluorescence polarization is also known to be dependent on emission wavelength. Under such conditions, a steady and significant decrease in polarization is observed with increasing emission wavelength (Mukherjee and Chattopadhyay 1995, and references therein). Figure 5 shows the variation in steady-state polarization of spectrin tryptophans in the native state as a function of wavelength across its emission spectrum. As seen from the figure, there is a considerable decrease in polarization with increasing emission wavelength for spectrin in its native state. The lowest polarization is observed toward the red edge where the solvent relaxed emission predominates. More interestingly, and in agreement with Figures 3 and 4, spectrin denatured with 8 M urea displays a pronounced variation in fluorescence polarization as a function of increasing emission wavelength, indicating that the rigidity of the environment around the tryptophans is maintained even after denaturation with urea. This result is in sharp contrast to our earlier studies where it was shown that fluorescence polarization of tryptophans in denatured proteins such as tubulin do not exhibit emission wavelength dependence and remain practically invariant (Guha et al. 1996) . Taken together, these results reinforce the presence of ordered, motionally restricted solvent molecules in the vicinity of spectrin tryptophans, which are resistant to denaturation by urea.
Acrylamide quenching of spectrin tryptophan fluorescence
Acrylamide quenching of tryptophan fluorescence is widely used to monitor tryptophan environments in proteins (Eftink 1991b) . Figure 6A shows a representative Stern-Volmer plot of acrylamide quenching of spectrin tryptophans in native and denatured state. The slope (K SV ) of such a plot is related to the accessibility (degree of exposure) of the tryptophans. Table 1 . The Stern-Volmer constant (K SV ) for acrylamide quenching of native spectrin was found to be 4.40 M −1 . The value of K SV was found to increase for spectrin denatured with 8 M urea to 8.60 M −1 , indicating increased exposure upon denaturation. However, this is considerably low in comparison to the value of K SV for fully exposed tryptophans as in the case of N-acetyl-Ltryptophanamide (NATA; 13.42 M −1 ) in 8 M urea (see Table 1 ). We measured K SV for NATA in 8 M urea (as a control) for comparison with K SV of denatured spectrin because the bulk physical properties (such as viscosity) of the solution may change K SV . That this is actually the case is shown by the value of K SV of NATA in water, which is 17.52 M −1 , as shown in Table 1 in agreement with an earlier report (Eftink and Ghiron 1976) . The bimolecular quenching constants (k q ) for acrylamide quenching, which are more accurate measures of the degree of exposure (because k q takes into account differences in fluorescence lifetime), are also shown in Table 1 . The k q values are in overall agreement with Stern-Volmer constants implying that the conclusions derived by the analysis of Stern-Volmer constants are not influenced by changes in lifetime.
The above results indicate that even when denatured with 8 M urea, the spectrin tryptophans are not fully exposed and are considerably shielded from the bulk aqueous environment. These results, along with the REES results for denatured spectrin mentioned earlier, reinforce our conclusion that the tryptophan microenvironment in spectrin is characterized by unique structural and dynamic features, which are maintained to a considerable extent even when denatured with 8 M urea. This is further supported by Lehrer analysis (Lehrer 1971 ) of the quenching data (see Fig. 6B ). The Lehrer analysis shows that only 65% of the tryptophan fluorescence was accessible (see Table 1 ) even upon denaturation indicating a significant fraction of spectrin tryptophans are not accessible to the aqueous quencher.
Wavelength-selective fluorescence of PRODAN bound to spectrin
As mentioned earlier, many of the tryptophan residues in spectrin are at or in the vicinity of hydrophobic patches in spectrin, which can bind hydrophobic ligands such as fatty acids and phospholipids and cause quenching of tryptophan fluorescence (Sikorski et al. 1987; Kahana et al. 1992) . The hydrophobic patches are thought to be important for interaction of spectrin with membranes. To explore the organization and dynamics of these functionally important hydrophobic sites characterized by a low dielectric constant (Haque et al. 2000) , we performed wavelength-selective fluorescence experiments utilizing the fluorescence of PRODAN bound to spectrin. It was previously shown that the hydrophobic, polarity-sensitive fluorescent probe PRODAN binds erythroid spectrin with a high affinity (K app ‫ס‬ 2 × 10 6 M −1 ) and with a molar stoichiometry of 1 : 1 (Chakrabarti 1996) . PRODAN and its derivatives have earlier been successfully used as hydrophobic markers to estimate the polarity of the heme-binding pocket in apomyoglobin (Macgregor and Weber 1986 ).
An important criterion for a fluorophore to be able to exhibit REES is that it should be polar; that is, it should have a permanent dipole moment in the ground state. In addition, there should be a change in the dipole moment upon excitation, so as to cause the solvent dipoles to reorient in response to this altered dipole moment to attain an energetically favorable orientation (Mukherjee and Chattopadhyay 1995) . For a totally nonpolar fluorophore, there will be no change in dipole moment upon excitation, and the process of solvent reorientation becomes irrelevant, because it is the change in dipole moment that triggers the solvent reorientation. We have previously shown that the dipole moment of the 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD) group changes by ∼ 4 Debye upon excitation , and this contributes to REES effects of NBD-labeled lipids in membranes (Chattopadhyay and Mukherjee 1993, 1999a) , micelles Rawat and Chattopadhyay 1999) and reverse micelles . PRODAN fluorescence is very sensitive to the polarity of the environment. Further, its dipole moment changes by ∼ 5-8 Debye upon excitation (Balter et al. 1988; Samanta and Fessenden 2000) . A change in dipole moment of this magnitude, along with its hydrogen bonding capability (Samanta and Fessenden 2000) makes PRODAN a suitable probe for REES effects to characterize the hydrophobic binding sites in spectrin.
The shifts in the maxima of fluorescence emission of PRODAN bound to spectrin as a function of excitation wavelength are shown in Figure 7 . To avoid any complications due to ground state heterogeneity, we chose conditions in which PRODAN was completey bound to spectrin (Chakrabarti 1996) . REES obtained under such conditions The concentration of spectrin and NATA used was 0.1 and 33 M, respectively. a Calculated using equation 3. The quenching parameter shown represents mean ± standard error of three independent measurements while quenching data shown in Figure 6A are from representative experiments. b Calculated using mean fluorescence lifetimes from Table 3 and using equation 3. c Calculated using equation 4. The quenching parameter shown represents mean ± standard error of three independent measurements while quenching data shown in Figure 6B are from representative experiments.
can therefore be attributed to the organization and dynamics of the hydrophobic site in spectrin where PRODAN binds. PRODAN shows an emission maximum of 520 nm in water (Chakrabarti 1996) , which exhibits a blue shift of 90 nm when bound to spectrin, indicating the nonpolar environment of the binding site. Figure 7 shows that when excited at 360 nm, PRODAN bound to spectrin displays a blueshifted emission maximum at 430 nm. As the excitation wavelength is changed from 360 nm to 410 nm, the emission maxima of spectrin-bound PRODAN is shifted from 430 nm to 439 nm, which amounts to a REES of 9 nm. Observation of REES for spectrin-bound PRODAN suggests that when bound to spectrin, PRODAN is in an environment where its mobility is considerably reduced. Because PRODAN binds to the hydrophobic site in spectrin, such a result would directly imply that this region of spectrin offers considerable restriction to the reorientational motion of the solvent dipoles around the excited state fluorophore. In addition to the dependence of fluorescence emission maxima on the excitation wavelength, fluorescence polarization of PRODAN bound to spectrin also shows characteristic dependence on excitation and emission wavelengths. The excitation polarization spectra of PRODAN bound to spectrin (shown in Fig. 8) shows that the polarization of spectrin-bound PRODAN undergoes considerable change upon altering the excitation wavelength from 360 nm to 400 nm, with a sharp increase toward the red edge of the absorption band. Further, fluorescence polarization of PRODAN bound to spectrin demonstrates typical dependence on emission wavelength (shown in Fig. 9 ). The variation in steadystate polarization of PRODAN bound to spectrin as a function of emission wavelength from 420 nm to 460 nm across the emission spectrum of PRODAN is shown in Figure 9 . As is apparent from the figure, there is a decrease in polarization with increasing emission wavelength. Spectrinbound PRODAN thus shows all the signatures of a restricted fluorophore in a motionally confined region of the protein (Mukherjee and Chattopadhyay 1995) .
Time-resolved fluorescence of spectrin tryptophans in native and denatured states and PRODAN bound to spectrin
Fluorescence lifetime serves as a sensitive indicator for the local environment and polarity in which a given fluorophore is placed (Prendergast 1991) . Table 2 shows the tryptophan lifetimes for spectrin in native and denatured states. As can be seen from the table, all the fluorescence decays for tryptophans in native and denatured spectrin fit a biexponential function. The mean fluorescence lifetimes of spectrin tryptophans were calculated using equation 6 and are shown in Table 3 .
In general, tryptophan lifetimes are known to be reduced when exposed to polar environments (Kirby and Steiner 1970; Ho and Stubbs 1992) . Because denaturation of a folded protein usually involves exposure of some of the otherwise buried tryptophans to water, it may be expected that the mean lifetimes for tryptophans in native proteins would show a reduction when denatured. Based on such consideration alone, a lower value for mean fluorescence lifetime would be expected for tryptophans in the denatured state compared to the value obtained in the native state. However, there are other factors that need to be considered while interpreting changes in fluorescence lifetime upon denaturation. An important factor is the viscosity of the medium, which increases considerably when denaturation is carried out in the presence of 8 M urea. An increase in medium viscosity generally brings about an increase in fluorescence lifetime (Tredwell and Keary 1979; Krishna and Periasamy 1998) . This would, therefore, lead to an increase in lifetime upon denaturation by 8 M urea. In a control experiment, we performed time-resolved fluorescence measurements of the model tryptophan derivative NATA in water and in 8 M urea. The fluorescence lifetimes of NATA in these conditions are shown in Table 3 . The lifetime of NATA is found to be ∼ 34% more in 8 M urea when compared to the value in water. This increase in lifetime could be attributed to the increased solution viscosity of 8 M urea. Interestingly, the mean fluorescence lifetime for spectrin tryptophans is longer (by ∼ 25%) in denatured spectrin (4.26 ns) than what is obtained in native spectrin (3.42 ns). This could be due to a combination of the two factors (exposure to polar environment and increase in solution viscosity) mentioned above. The mean fluorescence lifetimes of a number of representative proteins in the native and denatured state has earlier been analyzed by Swaminathan et al. (1994) . The results show that the mean fluorescence lifetime may either increase or decrease upon denaturation.
Moreover, lifetime of protein tryptophans in the folded state has previously been shown to be shorter due to local interactions involving various residues, which are spatially close in the native conformation of the protein. This has been shown to be true for the hemolytic peptide melittin in which the steric interaction between the closely spaced Trp-19 and Lys-23 is known to shorten the tryptophan lifetime (Weaver et al. 1992 ). An alternate explanation for the increased tryptophan lifetime in denatured spectrin could still be loss of such local interactions upon denaturation resulting in an increased lifetime. Table 2 also shows the lifetimes of PRODAN in water and when bound to spectrin. The fluorescence decay of PRODAN in water fits to a monoexponential function with a lifetime of 1.54 ns in agreement with previous literature value (Krasnowska et al. 1998) . The fluorescence decay of PRODAN bound to spectrin, on the other hand, fits to a biexponential function. The mean fluorescence lifetimes of spectrin-bound PRODAN was calculated using equation 6 and is shown in Table 3 . As can be seen from the table, the mean lifetime of PRODAN is increased to 5.71 ns upon binding to spectrin. We attribute this increase in mean fluorescence lifetime of PRODAN to the nonpolar nature of the binding site because fluorescence lifetime of PRODAN is known to increase with decreasing polarity (Krasnowska et al. 1998; Sengupta et al. 2000) . This reinforces our earlier conclusion that PRODAN binding site in spectrin is very hydrophobic (Chakrabarti 1996) , characterized by a low dielectric constant (Haque et al. 2000) .
Discussion
The dynamic properties of the protein matrix surrounding a given amino acid residue or a fluorophore either covalently The concentration of native and denatured spectrin was 0.6 and 0.4 M, respectively. The concentration of NATA was 100 M. PRODAN in water was used at a concentration of 1 M. attached or partitioned from the aqueous phase can be examined from the rate at which this matrix responds to (or relaxes around) the newly created excited state dipole moment of the fluorophore. In other words, the magnitude of REES could be utilized to estimate the relative rigidity of the region of the protein surrounding the fluorophore. Early pioneering work in the application of this effect to proteins was carried out by Demchenko and coworkers (Demchenko 1988b (Demchenko , 2002 . In one of their early studies (Demchenko 1982) , it was shown that the fluorescence emission spectra of 2-(p-toluidinylnaphthalene)-6-sulfonate (TNS) associated with proteins such as ␤-lactoglobulin, ␤-casein, and bovine and human serum albumins depend on the excitation wavelength used, giving rise to REES of the order of 10 nm in all cases. The fact that this effect was actually a result of the slow rate of solvent dipolar relaxation was confirmed when a similar effect was observed in case of the same fluorophore in glucose glass, and in glycerol at 1°C, but not in liquid solutions (Demchenko 1982) . Such red edge effects have also been observed with other proteins bound to TNS (Lakowicz and Keating-Nakamoto 1984; Demchenko 1985; Albani 1992 ), 2Ј-(N,N-dimethyl)amino-6-naphthoyl-4-trans-cyclohexanoic acid (DANCA; Macgregor and Weber 1986), or NBD (MacPhee et al. 1999) as well as utilizing the intrinsic tryptophan fluorescence of proteins and peptides (Demchenko 1988a; Wasylewski et al. 1992; Guha et al. 1996; Pattnaik et al. 1997; Santos et al. 1998; Raja et al. 1999) . Very fast solvent relaxation (femtosecond) has recently been monitored in proteins (Pal et al. 2002) .
In this article, we have utilized the wavelength-selective fluorescence approach to monitor the organization and dynamics of the functionally important tryptophan residues of erythroid spectrin in native and denatured conditions and of PRODAN bound to spectrin. We observe a REES of 4 nm for the tryptophans in the case of native spectrin. This result indicates that the tryptophans in native dimeric spectrin are localized in a motionally restricted environment and that the regions surrounding at least some of the spectrin tryptophans offer considerable restriction to the reorientational motion of the solvent (water) dipoles around the excited state tryptophans. This is in agreement with an earlier report (Subbarao and MacDonald 1994) in which it was suggested that the tryptophan environments in spectrin are heterogeneous, and there are significant numbers of tryptophans that are in crevices that are shielded from bulk water. Although it is difficult to accurately estimate the number of such tryptophan residues, it is very likely that these are the tryptophans contributing to the REES of spectrin due o the presence of restricted water molecules in their vicinity.
It has previously been shown that tryptophan residues in denatured proteins do not show REES, because the tryptophans are exposed to water and, therefore, they do not offer any restriction to the solvent (water) dipoles around them in the excited state (Demchenko 1988a) . For example, we have shown this to be true for the cytoskeletal protein tubulin in 8 M urea whose emission wavelength remains constant at 353 nm when excited in the wavelength range of 280-310 nm (Guha et al. 1996) . This is particularly significant because tubulin is also a large protein (such as spectrin), and has multiple tryptophan residues. It is against this backdrop that our observation of REES of denatured spectrin assumes significance. Our results show that tryptophans in spectrin denatured with urea, show a REES of 3 nm, suggesting that the tryptophans are shielded from bulk solvent even when denatured. The tryptophan microenvironment in spectrin, therefore, is characterized by unique structural and dynamic features that are maintained to a significant extent even when denatured with urea. As mentioned earlier, these results therefore represent the first report of a denatured protein exhibiting REES. In view of the fact that REES of protein tryptophans was first described more than 2 decades ago for human serum albumin (Demchenko 1981 ; recently reviewed in Demchenko 2002) , and no work has yet claimed REES of a denatured protein, this represents a major leap in this area. This above conclusion is reinforced by acrylamide quenching experiments in which the accessibilities of the spectrin tryptophans are determined in native and denatured conditions. Experiments in which fluorescence polarization of spectrin was monitored as a function of excitation and emission wavelengths provide data supporting this general conclusion. The importance of these results is brought out by the observation that tryptophan residues have earlier been shown to be important for folding ) and thermodynamic stability (Pantazatos and MacDonald 1997) of spectrin repeats. Interestingly, it has very recently been reported that tryptophan residues can stabilize native-like structures in a denatured protein (KleinSeetharaman et al. 2002) . This points out the crucial structural role played by water molecules in the overall stability of the spectrin as has been shown earlier for other proteins (Fischer et al. 1994; Kandori et al. 1995; Sankararamakrishnan and Sansom 1995; Nishimura et al. 1997) . These results assume special significance in light of the fact that interaction of water molecules with cytoskeletal elements has been recently implicated as a major factor in maintaining the organization and function of the cytoskeleton (Leterrier 2001) .
The hydrophobic, polarity-sensitive fluorescent probe PRODAN binds erythroid spectrin with a high affinity (Chakrabarti 1996) . When bound to spectrin, PRODAN exhibits a REES of 9 nm, indicating that PRODAN is in an environment where its mobility is considerably reduced. Because PRODAN binds to the hydrophobic site in spectrin, such a result would directly imply that this region of spectrin offers considerable restriction to the reorientational motion of the solvent dipoles around the excited state fluorophore. These results are supported by studies in which fluorescence polarization of spectrin-bound PRODAN was monitored as a function of excitation and emission wavelengths. These hydrophobic sites could play a pivotal role in the recently reported chaperone-like activity of spectrin (Chakrabarti and Bhattacharya 1999; Chakrabarti et al. 2001 ) because one of the primary roles of a chaperone is to prevent the aggregation of denatured proteins via exposed hydrophobic sites.
It has been realized for some time now that denatured proteins often have a significant amount of residual structure and play an important role in folding and stability of proteins (Dill and Shortle 1991; Shortle 1993; Swaminathan et al. 1994; Garcia et al. 1998) . Denatured states of proteins are of interest not only in the context of the energetics of protein folding but also for their potential contribution to the understanding of the functional aspects of the proteins. The denatured state of a protein appears to be the form recognized by chaperones, by protein complexes that initiate transport across biological membranes, and by a variety of protease systems responsible for intracellular protein turnover (Dill and Shortle 1991; Shortle 1993) . As a result, a comprehensive understanding of these cellular processes requires some degree of structural information about the nonnative states of proteins encountered in these situations. In this context, the recently reported group of proteins, termed "natively unfolded proteins" (Uversky 2002) , which have disordered structures in their native states assume importance. It is for this reason that new approaches have recently been developed to monitor structural details of denatured proteins. Recent advances in NMR spectroscopy is particularly useful in this regard because some of these methods do not rely on the presence of stable structure (Neri et al. 1992; Bhavesh et al. 2001) .
The residual structural integrity that remains even after spectrin is treated with denaturing concentrations of urea can be considered as a hallmark of a cytoskeletal protein whose main function is to provide a stable scaffold to the cell membrane. The residual structure could serve as a nucleation point for refolding of spectrin. In fact, it has recently been shown that urea-denatured peptide repeats of spectrin can be renatured suggesting that unfolding could be reversed (MacDonald and Pozharski 2001) . In summary, our results provide novel information into the dynamics of spectrin tryptophans and hydrophobic site, which could be important in protein-protein interaction and signal transduction (Ziemnicka-Kotula et al. 1998 ) and interaction of spectrin with membranes (Beck and Nelson 1996; Ray and Chakrabarti 2003) .
Materials and methods
Materials
Tris, KCl, phenylmethylsulfonyl fluoride (PMSF), dithiothreitol (DTT), SDS, EDTA, NATA, and ultrapure grade urea were from Sigma Chemical Company. Ultrapure grade acrylamide was from Invitrogen Life Technologies. PRODAN was purchased from Molecular Probes. The purity of acrylamide was checked from its absorbance using its molar extinction coefficient () of 0.23 M −1 cm −1 at 295 nm and optical transparency beyond 310 nm (Eftink 1991c) . Concentration of PRODAN in methanolic stock solution was calculated from its molar extinction coefficient () of 18,000 M −1 cm −1 at 360 nm (Weber and Farris 1979) . All other chemicals used were of the highest purity available. Solvents used were of spectroscopic grade. Water was purified through a Millipore Milli-Q system and used throughout.
Isolation and purification of spectrin
Clean, white ghosts from goat blood were prepared by hypotonic lysis in 5 mM phosphate, 1 mM EDTA containing 20 g/mL of PMSF at pH 8.0 (lysis buffer) following the procedure of Dodge and coworkers (Dodge et al. 1963) . Spectrin dimers were purified as described earlier (Dodge et al. 1963; Gratzer 1985) . After washing the membranes thoroughly in lysis buffer, the band 6-depleted ghosts were resuspended in 20 volumes of spectrin removal buffer (0.2 mM sodium phosphate, 0.1 mM EDTA, 0.2 mM DTT, 20 g/mL PMSF, pH 8.0) and incubated at 37°C for 30 min. Crude spectrin was collected in the supernatant after centrifugation. Spectrin was then purified after concentration by 30% ammonium sulfate precipitation followed by chromatography on Sepharose CL-4B. Spectrin was stored in buffer containing 5 mM sodium phosphate, 1 mM EDTA, 20 mM KCl, and 0.2 mM DTT, pH 8.0. Before performing any experiments involving fluorescence, spectrin was dialyzed extensively against buffer containing 10 mM Tris, 20 mM NaCl, pH 7.8 to remove DTT. The purity of the preparation was checked by 7.5% SDS polyacrylamide gel electrophoresis under reducing conditions showing the characteristic bands of spectrin dimer (␣ chain of 240 and ␤ chain of 220 kD) after Coomassie blue staining. Concentration of spectrin was determined spectrophotometrically using an absorbance of 10.7 at 280 nm for 1% spectrin solution (Gratzer 1985) and by Lowry's method (Lowry et al. 1951) .
Sample preparations and steady-state fluorescence measurements
Spectrin solution was made in 5 mM sodium phosphate, 1 mM EDTA, 20 mM KCl, pH 8.0. Spectrin was denatured in 8 M urea by incubating spectrin in urea solution for 2 h prior to spectroscopic measurements. For studies on spectrin-bound PRODAN, PRODAN was incubated for 3 h with three times molar excess of spectrin.
Steady-state fluorescence measurements were performed with a Hitachi F-4010 spectrofluorometer using 1-cm pathlength quartz cuvettes. Excitation and emission slits with a nominal bandpass of 5 nm were used for all measurements. All spectra were recorded using the correct spectrum mode. Background intensities of samples in which fluorophores were omitted were negligible in most cases and were subtracted from each sample spectrum to cancel out any contribution due to the solvent Raman peak and other scattering artifacts. Fluorescence polarization measurements were performed using an Hitachi polarization accessory. Polarization values were calculated from the equation (Chen and Bowman 1965) : 
Fluorescence quenching measurements
Acrylamide quenching experiments of tryptophan fluorescence were carried out by measurement of fluorescence intensity after serial addition of small aliquots of freshly prepared stock solution of 2 M acrylamide in water to a stirred sample followed by incubation for 3 min in the sample compartment in the dark. For samples containing spectrin, the excitation wavelength used was 295 nm, and emission was monitored at 337 nm. The excitation wavelength used was 295 nm, and emission was collected as 350 nm for NATA. The fluorescence intensities obtained were corrected for dilution. Corrections for inner filter effect were made using the following equation (Lakowicz 1999) :
where F is the corrected fluorescence intensity and F obs is the background subtracted fluorescence intensity of the sample (also corrected for dilution). A ex and A em are the measured absorbance at the excitation and emission wavelengths. The absorbances of the samples were measured using a Hitachi U-2000 UV-visible absorption spectrophotometer. Quenching data were analyzed by fitting to the Stern-Volmer equation (Lakowicz 1999) :
where F o and F are the fluorescence intensities in the absence and presence of the quencher, respectively, [Q] is the molar quencher concentration and K SV is the Stern-Volmer quenching constant. The Stern-Volmer quenching constant K SV is equal to k q o , where k q is the bimolecular quenching constant and o is the lifetime of the fluorophore in the absence of quencher. To quantitate the fraction of fluorophores accessible to the quencher, the quenching data were also analyzed using the modified equation by Lehrer (1971) :
where ⌬F ‫ס‬ F o − F, K a is the Stern-Volmer quenching constant for the accessible fraction, and f a is the fraction of initial fluorescence accessible to the quencher. Acrylamide quenching of NATA fluorescence was analyzed as described previously (Eftink and Ghiron 1976) .
Time-resolved fluorescence measurements
Fluorescence lifetimes were calculated from time-resolved fluorescence intensity decays using a Photon Technology International LS-100 luminescence spectrophotometer in the time-correlated single photon counting mode. This machine uses a thyratron-gated nanosecond flash lamp filled with nitrogen as the plasma gas (16 ± 1 inches of mercury vacuum) and is run at 22-25 kHz. Lamp profiles were measured at the excitation wavelength using Ludox (colloidal silica) as the scatterer. To optimize the signal to noise ratio, 5000 photon counts were collected in the peak channel. The excitation wavelengths used were 297 nm for tryptophans and 360 nm for PRODAN, which correspond to peaks in the spectral output of the nitrogen flash lamp. Emission wavelength was set at 340 nm for spectrin tryptophans and 330 nm for NATA. Emission was monitored at 430 nm for PRODAN bound to spectrin while the emission wavelength was set at 520 nm for free PRODAN. All experiments were performed using excitation and emission slits with a nominal bandpass of 4 nm or less. The sample and the scatterer were alternated after every 10% acquisition to ensure compensation for shape and timing drifts occurring during the period of data collection. The data stored in a multichannel analyzer was routinely transferred to an IBM PC for analysis. Intensity decay curves so obtained were fitted as a sum of exponential terms:
where ␣ i is a preexponential factor representing the fractional contribution to the time-resolved decay of the component with a lifetime i . The decay parameters were recovered using a nonlinear least-squares iterative fitting procedure based on the Marquardt algorithm (Bevington 1969) . The program also includes statistical and plotting subroutine packages (O'Connor and Phillips 1984) . The goodness of the fit of a given set of observed data and the chosen function was evaluated by the reduced 2 ratio, the weighted residuals (Lampert et al. 1983) , and the autocorrelation function of the weighted residuals (Grinvald and Steinberg 1974) . A fit was considered acceptable when plots of the weighted residuals and the autocorrelation function showed random deviation about zero with a minimum 2 value not more than 1.5. Mean (average) lifetimes 〈 〉 for biexponential decays of fluorescence were calculated from the decay times and preexponential factors using the following equation (Lakowicz 1999) :
Circular dichroism (CD) measurement
Far-UV CD measurements of the native and denatured spectrin were carried out at room temperature (25°C) on a JASCO J-720 spectropolarimeter, which was calibrated with (+)-10-camphorsulfonic acid (Chen and Yang 1977) . The spectra were scanned in a cylindrical quartz optical cell with a pathlength of 0.1 cm. All spectra were recorded in 0.5-nm wavelength increments with a 2-sec response and a band width of 1 nm using a scan rate of 20 nm/min. Each spectrum is the average of five continuous scans. All spectra were corrected for background by subtraction of appropriate blanks without spectrin. The spectra were subjected to a moderate degree of noise-reduction analysis by smoothing, making sure that the overall shape of the spectrum remains unaltered (Chakrabarti and Basak 1996; Haque et al. 1999 The publication costs of this article were defrayed in part by payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 USC section 1734 solely to indicate this fact.
